Treatment of acute myeloid leukemia (AML) remains inefficient due to drug resistance and relapse, particularly in patients with FMS-like tyrosine kinase 3 (FLT3)-internal tandem duplication (ITD). Marine-derived natural products have recently been used for drug development against AML. We show in this study that petromurin C, which was isolated from the culture extract of the marine-derived fungus Aspergillus candidus KUFA0062, isolated from the marine sponge Epipolasis sp., induces early autophagy followed by apoptotic cell death via activation of the intrinsic cell death pathway concomitant with mitochondrial stress and downregulation of Mcl-1 in FLT3-ITD mutated MV4-11 cells. Moreover, petromurin C synergized with the clinically-used FLT3 inhibitor gilteritinib at sub-toxic concentrations. Altogether, our results provide preliminary indications that petromurin C provides anti-leukemic effects alone or in combination with gilteritinib.
Introduction
Acute Myeloid Leukemia (AML) is a malignant disorder characterized by abnormal growth and differentiation of hematopoietic stem cells (HSCs). Accumulation of immature myeloid precursors in bone marrow and peripheral blood causes development of AML. AML is the most commonly found form of acute leukemia in adults. In addition, AML is strongly dependent on ethnicity showing that the incidence rate of AML in Asia is much lower than that in Western countries [1] . Since overall five-year survival of AML patients is 27.4% [2] , novel therapeutic approaches are urgently required.
FMS-like tyrosine kinase 3 (FLT3) is a membrane-bound receptor tyrosine kinase that plays an important role in regulatory processes of hematopoietic cells such as phospholipid metabolism transcription, proliferation, and apoptosis. FLT3-ITD mutations have been found in 15% to 35% of AML patients. FLT3-ITDs showed a strong association with leukocytosis, high blast counts, and normal cytogenetics [3] . Overall survival of patients presenting the FLT3-ITD mutation is dismal.
Results

Chemical Structure and Druggability of Petromurin C
To validate the drug-likeness properties of petromurin C (Figure 1 ), we investigated in silico whether this compound complies with Lipinski's rule of five. According to this analysis, petromurin C could be suitable for drug development as it has an adequate molecular mass, three hydrogen bond donors, and seven hydrogen bond acceptors, but low lipophilicity (LogP > 5) (Table 1) [12] .
The development of FLT3-ITD-mutation-targeting drugs has been challenging due to poor bioavailability, insufficient potency, inadequate kinase specificity, and short response to duration [4] . The current status of drugs for treating FLT3-ITD-mutated AML indicates a need for the discovery of novel therapies.
Molecules isolated from marine organisms, especially sponges, have shown great utility as a source of anticancer compounds [5] . Aspergillus candidus (Family Aspergillaceae), which is a member of Aspergillus section Candidi, is not only frequently found as a mold in cereal grains and flour but also in marine organisms. Strains of A. candidus produce various secondary metabolites such as chlorflavonin, which is an anti-fungal flavone. Petromurin C, which is a bis-indolyl benzenoid, was previously isolated from an extract of A. candidus KUFA 0062 cultures, isolated from the marine sponge Epipolasis sp., collected from a coral reef at the Similan Island National Park in Phang-Nga province, Southern Thailand. Petromurin C significantly decreased viability of various cancer cell lines representing colorectal, liver, lung, breast, and brain cancer [6] . So far, mechanistic information about cell death induction by petromurin C remains to be provided.
Autophagy is a stress response mechanism that plays a role in removing damaged proteins and organelles and providing energy and metabolic intermediates to sustain homeostasis in cells. However, excessive autophagy can trigger cell death after accumulation of autophagosomes [7] . Apoptosis is characterized by cytoplasmic shrinkage, chromatin condensation, nuclear fragmentation, and, eventually, formation of apoptotic bodies [8] . Whereas the intrinsic pathway triggers a permeabilization of the mitochondrial outer membrane regulated by Bcl-2 (B-cell lymphoma 2) family proteins, which leads to apoptosome formation and pro-caspase-9 activation, initiation of the extrinsic pathway involves death receptor signaling leading to pro-caspase 8 activation [9] .
In an effort to develop novel therapeutic approaches against AML, gilteritinib, a dual FLT3, and AXL (from anexelekto, "uncontrolled") inhibitor, was approved as a second generation FLT3 inhibitor by the Food and Drug Administration (FDA) of the USA in November 2018. Gilteritinib treatment led to an overall response rate of 49% in FLT3-mutated patients, compared to 12% in FLT3-wild type patients [10] . Moreover, combination therapies of gilteritinib plus cytarabine (AraC) and idarubicin (IDR) or daunorubicin (DNR) showed complete regression of the tumor compared to gilteritinib alone [11] , which underlines the fact that this novel drug might perform best in combination with other pharmacological agents.
Accordingly, we report the antileukemic activity of petromurin C alone and in combination with gilteritinib and explored the related cell stress and cell death mechanisms. We showed that petromurin C reduced viability and proliferation of AML cell lines and induced early formation of protective autophagy in addition to bafilomycin A1, which increased intrinsic cell death compared to petromurin C alone. Furthermore, petromurin C potentialized the cell death-inducing effect of gilteritinib in the FLT3-ITD-mutated AML cell line MV4-11.
Results
Chemical Structure and Druggability of Petromurin C
To validate the drug-likeness properties of petromurin C (Figure 1 ), we investigated in silico whether this compound complies with Lipinski's rule of five. According to this analysis, petromurin C could be suitable for drug development as it has an adequate molecular mass, three hydrogen bond donors, and seven hydrogen bond acceptors, but low lipophilicity (LogP > 5) (Table 1) [12] . 2.2. Cytostatic and Cytotoxic Activities of Petromurin C FLT3-ITD-mutated MV4-11 and FLT3 wild-type (WT) U937 cells were treated with increasing concentrations of petromurin C for up to 72 h. Petromurin C reduced proliferation and viability of MV4-11 and U937 AML cell lines (Figure 2A ,B) as shown by trypan blue staining assays. The concentrations that reduced 50% of viability and proliferation are shown in Table 2 .
We confirmed our results by colony formation assays (CFA) that showed a significant decrease of total colony areas at 50 µM in MV4-11 cells and at 50 µM in U937 cells ( Figure 2C ,D). To evaluate the in vivo toxicity of petromurin C, heart rate, body length, and viability of zebrafish embryos were analyzed after exposure to increasing concentrations of petromurin C. Although a heart rate of zebrafish decreased in a dose-dependent manner, there were no significant changes of viability and morphology of the zebrafish ( Figure 2E ). 
Cytostatic and Cytotoxic Activities of Petromurin C
FLT3-ITD-mutated MV4-11 and FLT3 wild-type (WT) U937 cells were treated with increasing concentrations of petromurin C for up to 72 h. Petromurin C reduced proliferation and viability of MV4-11 and U937 AML cell lines (Figure 2A ,B) as shown by trypan blue staining assays. The concentrations that reduced 50% of viability and proliferation are shown in Table 2 .
We confirmed our results by colony formation assays (CFA) that showed a significant decrease of total colony areas at 50 μM in MV4-11 cells and at 50 μM in U937 cells ( Figure 2C ,D). To evaluate the in vivo toxicity of petromurin C, heart rate, body length, and viability of zebrafish embryos were analyzed after exposure to increasing concentrations of petromurin C. Although a heart rate of zebrafish decreased in a dose-dependent manner, there were no significant changes of viability and morphology of the zebrafish ( Figure 2E ). 
Petromurin C Induces Cell Death
Type and characteristics of cell death induced by petromurin C were investigated by Hoechst/PI staining assays in AML cell lines. Nuclear condensation and fragmentation, which are characteristics of apoptotic cell death, were observed. Petromurin C significantly induced 41.7% of cell death at 50 µM after 24 h in MV4-11 cells, whereas lower concentrations did not affect viability at 24 h. zVAD-FMK (50 µM), which is a pan-caspase inhibitor, prevented apoptotic cell death in both cell lines at 24 h ( Figure 3A,B) . Similarly, petromurin C induced a 6.6-fold increase of caspase 3/7 activation at 50 µM in MV4-11 cells. We observed a 2.5-fold and 2.6-fold increase of caspase 3/7 activation at 30 and 50 µM in U937 cells. zVAD-FMK pretreatment inhibited caspase 3/7 activity in both cell lines at 24 h ( Figure 3C ). At later time points, zVAD-FMK pretreatment did not efficiently abrogate cell death in MV4-11 and U937 cell lines since 58.2% of cell death was induced by petromurin C at 50 µM in MV4-11 cells compared to 45.7% of cell death being induced by zVAD-FMK pretreatment at 48 h ( Figure 3A,B) , which allows us to hypothesize that other caspase-independent, cell death modalities are also induced by petromurin C, which is compatible with an irreversible mitochondrial commitment to death.
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Type and characteristics of cell death induced by petromurin C were investigated by Hoechst/PI staining assays in AML cell lines. Nuclear condensation and fragmentation, which are characteristics of apoptotic cell death, were observed. Petromurin C significantly induced 41.7% of cell death at 50 μM after 24 h in MV4-11 cells, whereas lower concentrations did not affect viability at 24 h. zVAD-FMK (50 μM), which is a pan-caspase inhibitor, prevented apoptotic cell death in both cell lines at 24 h ( Figure 3A,B) . Similarly, petromurin C induced a 6.6-fold increase of caspase 3/7 activation at 50 μM in MV4-11 cells. We observed a 2.5-fold and 2.6-fold increase of caspase 3/7 activation at 30 and 50 μM in U937 cells. zVAD-FMK pretreatment inhibited caspase 3/7 activity in both cell lines at 24 h ( Figure 3C ). At later time points, zVAD-FMK pretreatment did not efficiently abrogate cell death in MV4-11 and U937 cell lines since 58.2% of cell death was induced by petromurin C at 50 μM in MV4-11 cells compared to 45.7% of cell death being induced by zVAD-FMK pretreatment at 48 h ( Figure 3A,B) , which allows us to hypothesize that other caspase-independent, cell death modalities are also induced by petromurin C, which is compatible with an irreversible mitochondrial commitment to death. The cells were treated with petromurin C followed by a 1-h pretreatment with and without zVAD-FMK. Etoposide (Eto) was used as a positive control for apoptosis induction. All histograms represent the mean ± SD of at least three independent experiments. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 compared to untreated cells. Two-way ANOVA (microscopy analysis). Post hoc: Dunnett's test. One-way ANOVA (caspase 3/7 assay). Post hoc: Sidak's test.
Petromurin C Activates the Mitochondrial Cell Death Pathway via Inhibition of Mcl-1 and Activation of Pro-Caspases 3/7 and 9
To study apoptotic cell death mechanisms induced by petromurin C, expression levels of apoptotic and anti-apoptotic proteins including Bcl-2, Bcl-xL (B-cell lymphoma-extra-large), and Mcl-1 (myeloid cell leukemia-1) were assessed in MV4-11 cells [13] . As shown in Figure 4A , Bcl-2 and Bcl-xL expression levels remained unchanged while levels of Mcl-1 were decreased by 61.4% and 77.1% at 30 and 50 µM, respectively, at 24 h in MV4-11 cells ( Figure 4A ).
Moreover, our results showed no cleavage of pro-caspase 8 at any concentration of petromurin C whereas pro-caspase 9 was cleaved dose-dependently. Cleavage of executioner pro-caspases 3 and 7 was detected at 50 µM of petromurin C ( Figure 4B ). The results from the caspase 3/7 activation assay in Figure 3C are in line with the results obtained by a Western blot.
To further validate the involvement of caspases, levels of cleaved PARP-1 (poly (ADP-ribose) polymerase-1) protein, which is a cellular substrate of caspases, were assessed after treatment with various concentrations of petromurin C [14] . The cleavage product of PARP-1 was detected at 89 kDa, which indicates a typical caspase activation, and is increased dose-dependently ( Figure 4B ). Clinically used chemotherapeutic agents etoposide (Etopophos) and midostaurin (Rydapt), a first generation FLT3 inhibitor, were used in all experiments as positive controls for apoptotic cell death induction.
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Moreover, our results showed no cleavage of pro-caspase 8 at any concentration of petromurin C whereas pro-caspase 9 was cleaved dose-dependently. Cleavage of executioner pro-caspases 3 and 7 was detected at 50 μM of petromurin C ( Figure 4B ). The results from the caspase 3/7 activation assay in Figure 3C are in line with the results obtained by a Western blot.
To further validate the involvement of caspases, levels of cleaved PARP-1 (poly (ADP-ribose) polymerase-1) protein, which is a cellular substrate of caspases, were assessed after treatment with various concentrations of petromurin C [14] . The cleavage product of PARP-1 was detected at 89 kDa, which indicates a typical caspase activation, and is increased dose-dependently ( Figure 4B ). Clinically used chemotherapeutic agents etoposide (Etopophos) and midostaurin (Rydapt), a first generation FLT3 inhibitor, were used in all experiments as positive controls for apoptotic cell death induction. 
Petromurin C Triggers Formation of Cytoplasmic Vesicles
As we observed morphological changes in petromurin C-treated MV4-11 cells, we used Diff-Quik staining to visualize dose-dependent and time-dependent effects of petromurin C on MV4-11 cells. Extensive formation of cytoplasmic vesicles was observed starting at 10 µM, 8 h ( Figure 5A ). In addition, 8.3%, 22.1%, and 42.6% of cytoplasmic vesicles formed after 8 h at 10, 30, and 50 µM, respectively. At 24 h, 11.9%, 41.0%, and 58.9% of cytoplasmic vesicles formed at 10, 30, and 50 µM of petromurin C, respectively. In addition, 14.2% of pyknotic cells were observed at 50 µM after 24 h ( Figure 5B ).
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As we observed morphological changes in petromurin C-treated MV4-11 cells, we used Diff-Quik staining to visualize dose-dependent and time-dependent effects of petromurin C on MV4-11 cells. Extensive formation of cytoplasmic vesicles was observed starting at 10 μM, 8 h ( Figure 5A ). In addition, 8.3%, 22.1%, and 42.6% of cytoplasmic vesicles formed after 8 h at 10, 30, and 50 μM, respectively. At 24 h, 11.9%, 41.0%, and 58.9% of cytoplasmic vesicles formed at 10, 30, and 50 μM of petromurin C, respectively. In addition, 14.2% of pyknotic cells were observed at 50 μM after 24 h ( Figure 5B ). Considering the extensive vesicle formation at 30 and 50 µM from 8 h and 41.7% of cell death observed in MV4-11 at 50 µM petromurin C ( Figure 3A ) after 24 h, we decided to investigate the cellular morphology by TEM (Transmission Electron Microscopy) at 30 µM petromurin C after 4, 8, and 24 h of treatment ( Figure 5C ). TEM images revealed that autophagolysosomes and "macro-autophagolysosomes" (see Material and Methods) were observed in petromurin C-treated MV4-11 cells. Areas of autophagolysosomes in 30 µM of petromurin C-treated MV4-11 cells at 24 h showed significant increases compared to the control, 4-h, and 8-h treated MV4-11 cells ( Figure S1 ).
Petromurin C Triggers a Rapid, Protective Autophagic Flux
In order to further assess the nature of the cytoplasmic vesicles observed in petromurin C-treated-MV4-11 cells, we co-treated our cells with caspase and autophagy inhibitors prior to Diff-Quik staining. Pan-caspase inhibitor, zVAD-FMK (50 µM, 1 h-pretreatment), did not prevent the formation of cytoplasmic vesicles at the highest concentration at 8 h. However, the autophagy inhibitor, bafilomycin A1 (Baf-A1, 5 nM, 2 h-pretreatment) significantly inhibited the formation of vesicles in the cytoplasm ( Figure 6A ). To validate the involvement of petromurin C in autophagy induction, we pretreated MV4-11 cells with 2.5 nM of Baf-A1 prior to treatment with petromurin C at 30 µM at different time points. The autophagy induction marker LC3B was quantified after immunoblotting. LC3B I-II conversion time-dependently increased by 6.2-fold and 12.4-fold for 6 and 10 h with a 2-h pretreatment of Baf-A1, respectively ( Figure 6C ), whereas p62 expression levels did not significantly change ( Figure S2 ). To test which mode of autophagy petromurin C caused, we used Hoechst/PI staining of petromurin C-treated MV4-11 cells with or without Baf-A1 pretreatment. The results showed that 28.1% of cell death was observed in petromurin C-treated MV4-11 cells with a pretreatment of Baf-A1 compared to 7.3% of cell death in only petromurin C-treated MV4-11 cells ( Figure 6D ). According to the results, we concluded that Baf-A1 inhibited the formation of autophagy and significantly potentialized petromurin C-induced cell death at early time points. Considering the extensive vesicle formation at 30 and 50 μM from 8 h and 41.7% of cell death observed in MV4-11 at 50 μM petromurin C ( Figure 3A ) after 24 h, we decided to investigate the cellular morphology by TEM (Transmission Electron Microscopy) at 30 μM petromurin C after 4, 8, and 24 h of treatment ( Figure 5C ). TEM images revealed that autophagolysosomes and "macroautophagolysosomes" (see Material and Methods) were observed in petromurin C-treated MV4-11 cells. Areas of autophagolysosomes in 30 μM of petromurin C-treated MV4-11 cells at 24 h showed significant increases compared to the control, 4-h, and 8-h treated MV4-11 cells ( Figure S1 ).
In order to further assess the nature of the cytoplasmic vesicles observed in petromurin Ctreated-MV4-11 cells, we co-treated our cells with caspase and autophagy inhibitors prior to Diff-Quik staining. Pan-caspase inhibitor, zVAD-FMK (50 μM, 1 h-pretreatment), did not prevent the formation of cytoplasmic vesicles at the highest concentration at 8 h. However, the autophagy inhibitor, bafilomycin A1 (Baf-A1, 5 nM, 2 h-pretreatment) significantly inhibited the formation of vesicles in the cytoplasm ( Figure 6A ). To validate the involvement of petromurin C in autophagy induction, we pretreated MV4-11 cells with 2.5 nM of Baf-A1 prior to treatment with petromurin C at 30 μM at different time points. The autophagy induction marker LC3B was quantified after immunoblotting. LC3B I-II conversion time-dependently increased by 6.2-fold and 12.4-fold for 6 and 10 h with a 2-h pretreatment of Baf-A1, respectively ( Figure 6C ), whereas p62 expression levels did not significantly change ( Figure S2 ). To test which mode of autophagy petromurin C caused, we used Hoechst/PI staining of petromurin C-treated MV4-11 cells with or without Baf-A1 pretreatment. The results showed that 28.1% of cell death was observed in petromurin C-treated MV4-11 cells with a pretreatment of Baf-A1 compared to 7.3% of cell death in only petromurin C-treated MV4-11 cells ( Figure 6D ). According to the results, we concluded that Baf-A1 inhibited the formation of autophagy and significantly potentialized petromurin C-induced cell death at early time points. 
Petromurin C Generates Mitochondrial Membrane Potential Loss and Mitochondrial Stress
Since mitochondrial dysfunction is strongly related to the induction of apoptosis, we measured the percentage of mitochondrial potential loss at 24 h in MV4-11 cells by FACS after staining with MitoTracker Red CMXRos ( Figure 7A ). Our results showed a dose-dependent increase of mitochondrial membrane potential loss (42.7% at 50 μM) ( Figure 7B ). These results are in agreement with the increased activation of caspase 9 ( Figure 4B ).
Next, to investigate mitochondrial stress caused by petromurin C treatment, we evaluated the oxygen consumption rate (OCR) ( Figure 7C ). In response to petromurin C treatment, we observed decreases of non-mitochondrial oxygen consumption (1.9-fold), basal respiration (1.9-fold), maximal respiration (1.5-fold), proton leak (1.4-fold), ATP production (2.0-fold), and spare respiratory capacity (1.4-fold) ( Figure 7D ). The initial OCR level of petromurin C-treated MV4-11 cells was lower than that of control cells, which indicated a decline of total mitochondrial mass. Oligomycin, an ATP synthase inhibitor, notably reduced ATP-linked respiration in control MV4-11. Maximal respiration of both control and petromurin C-treated MV4-11 cells increased after injection of the mitochondrial uncoupler FCCP ( Figure 7C ). However, the maximal respiration rate decreased in petromurin C-treated MV4-11 cells by 45.4% when compared to control cells ( Figure 7D ). The intracellular ATP levels of cells treated with petromurin C decreased dose-dependently and significantly at 50 μM ( Figure 7E ). Altogether, these results are in line with the loss of mitochondrial membrane potential. 
Since mitochondrial dysfunction is strongly related to the induction of apoptosis, we measured the percentage of mitochondrial potential loss at 24 h in MV4-11 cells by FACS after staining with MitoTracker Red CMXRos ( Figure 7A ). Our results showed a dose-dependent increase of mitochondrial membrane potential loss (42.7% at 50 µM) ( Figure 7B ). These results are in agreement with the increased activation of caspase 9 ( Figure 4B ).
Next, to investigate mitochondrial stress caused by petromurin C treatment, we evaluated the oxygen consumption rate (OCR) ( Figure 7C ). In response to petromurin C treatment, we observed decreases of non-mitochondrial oxygen consumption (1.9-fold), basal respiration (1.9-fold), maximal respiration (1.5-fold), proton leak (1.4-fold), ATP production (2.0-fold), and spare respiratory capacity (1.4-fold) ( Figure 7D ). The initial OCR level of petromurin C-treated MV4-11 cells was lower than that of control cells, which indicated a decline of total mitochondrial mass. Oligomycin, an ATP synthase inhibitor, notably reduced ATP-linked respiration in control MV4-11. Maximal respiration of both control and petromurin C-treated MV4-11 cells increased after injection of the mitochondrial uncoupler FCCP ( Figure 7C ). However, the maximal respiration rate decreased in petromurin C-treated MV4-11 cells by 45.4% when compared to control cells ( Figure 7D ). The intracellular ATP levels of cells treated with petromurin C decreased dose-dependently and significantly at 50 µM ( Figure 7E ). Altogether, these results are in line with the loss of mitochondrial membrane potential. 
Synergistic Effects of a Combination of Petromurin C and Gilteritinib on Cell Death
Since gilteritinib (ASP2215), which is a dual inhibitor of FLT3/AXL, has been clinically studied in combination treatments, we attempted to combine it with petromurin C. Viability and proliferation 
Since gilteritinib (ASP2215), which is a dual inhibitor of FLT3/AXL, has been clinically studied in combination treatments, we attempted to combine it with petromurin C. Viability and proliferation assays with gilteritinib were first quantified in U937 and MV4-11 cells. Results showed that gilteritinib specifically targets FLT3-ITD-mutated MV4-11 cells while this compound has no effect on viability and proliferation of U937 cells expressing wild-type FLT3 ( Figure 8A ). In the next step, the cell death modality induced by gilteritinib was characterized and quantified by fluorescence microscopy after Hoechst/PI staining in MV4-11 cells. Since the pan-caspase inhibitor zVAD-FMK (50 µM) reduced the percentage of cell death induced by gilteritinib ( Figure S3A,B) , we concluded that caspase-dependent apoptosis was induced.
Mar. Drugs 2019, 17, x 12 of 22 assays with gilteritinib were first quantified in U937 and MV4-11 cells. Results showed that gilteritinib specifically targets FLT3-ITD-mutated MV4-11 cells while this compound has no effect on viability and proliferation of U937 cells expressing wild-type FLT3 ( Figure 8A ). In the next step, the cell death modality induced by gilteritinib was characterized and quantified by fluorescence microscopy after Hoechst/PI staining in MV4-11 cells. Since the pan-caspase inhibitor zVAD-FMK (50 μM) reduced the percentage of cell death induced by gilteritinib ( Figure S3A,B) , we concluded that caspase-dependent apoptosis was induced. To assess the combinatorial effect of both compounds, we initially used suspension cultures and combined 5, 30, and 50 μM of petromurin C with 100, 250, and 500 nM of gilteritinib. The results obtained by Hoechst/PI staining after 24 h allowed us to calculate the combination index (CI) and Fraction affected values (Fa) according to Chou-Talalay ( Figure 8B,C) . Our results showed a synergistic effect of the combination of petromurin C at 30 μM and gilteritinib at 250 and 500 nM as well as petromurin C at 50 μM and gilteritinib at all three concentrations ( Table 3 ). The combination of petromurin C at 30 μM and gilteritinib at 250 nM showed the strongest synergistic effect compared to both drugs used individually.
We then aimed to validate our data by using CFAs. As gilteritinib at 250 nM alone completely eradicated colony formation, concentrations of 0.5, 1, and 2 nM were tested alone and in combination with petromurin C (Figure S4A ). Combination index (CI) values were calculated using average colony size values of 10, 30, and 50 μM of petromurin C with 0.5, 1, and 2 nM of gilteritinib ( Figures S4B,C) . CI values showed a synergistic effect, besides petromurin C (10 μM)/gilteritinib (0.5 nM) ( Table 4 ). In addition, the combination of 30 μM of petromurin C and 1 nM of gilteritinib significantly reduced the total area To assess the combinatorial effect of both compounds, we initially used suspension cultures and combined 5, 30, and 50 µM of petromurin C with 100, 250, and 500 nM of gilteritinib. The results obtained by Hoechst/PI staining after 24 h allowed us to calculate the combination index (CI) and Fraction affected values (Fa) according to Chou-Talalay ( Figure 8B,C) . Our results showed a synergistic effect of the combination of petromurin C at 30 µM and gilteritinib at 250 and 500 nM as well as petromurin C at 50 µM and gilteritinib at all three concentrations ( Table 3 ). The combination of petromurin C at 30 µM and gilteritinib at 250 nM showed the strongest synergistic effect compared to both drugs used individually. We then aimed to validate our data by using CFAs. As gilteritinib at 250 nM alone completely eradicated colony formation, concentrations of 0.5, 1, and 2 nM were tested alone and in combination with petromurin C ( Figure S4A ). Combination index (CI) values were calculated using average colony size values of 10, 30, and 50 µM of petromurin C with 0.5, 1, and 2 nM of gilteritinib ( Figure S4B,C) . CI values showed a synergistic effect, besides petromurin C (10 µM)/gilteritinib (0.5 nM) ( Table 4 ). In addition, the combination of 30 µM of petromurin C and 1 nM of gilteritinib significantly reduced the total area and average size of MV4-11 colonies compared to treatments of petromurin C and gilteritinib alone at subtoxic concentrations ( Figure 8D ). 
Investigation of Morphological Changes after Combination Treatments
Next, we used Diff-Quik staining ( Figure 9A ) and TEM images ( Figure 9C ) of MV4-11 cells treated with a combination of petromurin C and gilteritinib at 24 h to visualize morphology of the cells. Our results showed cell shrinkage (apoptotic volume decrease, AVD) and induction of vesicle-formation after combination treatment. Furthermore, 30 µM of petromurin C alone led to 44.9% of MV4-11 cells that formed vacuoles with 4.4% of cells undergoing AVD. On the other hand, 24.2% of vacuole-forming cells and 15.2% of AVD were observed after a combination treatment of 30 µM of petromurin C and 250 nM of gilteritinib. Additionally, 23.3% of vacuole-forming cells and 18.7% of AVD were observed after a combination of 30 µM of petromurin C and 500 nM of gilteritinib in MV4-11 cells ( Figure 9B ). We observed that a combination of petromurin C and gilteritinib induced a decrease of vacuole formation while it increased AVD of the cells.
Autophagolysosomes are a dominant feature in MV4-11 cells treated with both 30 µM of petromurin C or a combination of 30 µM of petromurin C and 250 nM of gilteritinib after 24 h ( Figure 9C) . The size and number of cells are smaller after the combination treatment when compared to petromurin C alone ( Table 5 ). In addition, 42.2% of autophagolysosomes with an area bigger than 0.2 µm 2 were found in 
Discussion
The five-year overall survival rates for patients who are under 60 years old are 35%-40% with a median overall survival of one year [15] . FLT3-activating mutations are one of the most frequently found genetic aberrations in AML. Especially, FLT3-ITD mutations were associated with the worst prognosis. Efforts to improve outcomes for such AML patients were impeded by numerous obstacles including drug resistance and epigenetic modulations over the past 15 years [16] . After a long stagnation in the drug development process to treat leukemia, clinical options have been changed rapidly with drugs such as the first-generation multi-kinase inhibitor midostaurin, the dual FLT3/AXL inhibitor 
The five-year overall survival rates for patients who are under 60 years old are 35%-40% with a median overall survival of one year [15] . FLT3-activating mutations are one of the most frequently found genetic aberrations in AML. Especially, FLT3-ITD mutations were associated with the worst prognosis. Efforts to improve outcomes for such AML patients were impeded by numerous obstacles including drug resistance and epigenetic modulations over the past 15 years [16] . After a long stagnation in the drug development process to treat leukemia, clinical options have been changed rapidly with drugs such as the first-generation multi-kinase inhibitor midostaurin, the dual FLT3/AXL inhibitor gilteritinib, the highly selective oral Bcl-2 inhibitor venetoclax, the isocitrate dehydrogenase (IDH)1 mutation inhibitor ivosidenib (which inhibits the formation of oncometabolite 2-hydroxyglutarate), the anti-CD33 antibody conjugated to the antibiotic calicheamicin (gemtuzumab ozogamicin) [17] , and a first inhibitor of histone deacetylases (HDAC) classes I and II enzymes vorinostat (suberoylanilide hydroxamic acid, SAHA) [18] . Even though there have been improvements in targeted therapies in AML, patients who are initially responding to targeted therapies, eventually develop resistance due to various factors including epigenetic reprograming and genetic mutations [19] . Therefore, investigation of novel drugs to treat AML has been in a constant need.
Interest in marine natural products drug discovery increased as the number of anticancer drug development pipelines decreased [20] . Preclinical research with compounds derived from spongothymidine and spongouridine isolated from the Caribbean sponge Tethya crypta in 1950s progressively increased the approval rate of marine natural products [21] . However, unlike many terrestrial natural compounds such as taxol, obtained from the Western Pacific yew tree Taxus brevifolia, marine natural compounds remain less investigated [21] . In this case, we investigated the cytostatic and cytotoxic potential of petromurin C, a bis-indolyl benzenoid, isolated from the extract of the cultures of the marine-derived fungus A. candidus KUFA 0062, alone and in combination with gilteritinib in FLT3-positive AML. We first compared the cytostatic and cytotoxic potential of petromurin C in FLT3-mutated and FLT3-wild type AML cells. Petromurin C showed better efficacy in the FLT3-mutated cell line MV4-11 compared to FLT3-wild type U937 cells by showing a lower IC 50 value and a significant decrease of the total colony area. We also confirmed the safety of petromurin C by in vivo toxicity assays on zebrafish. Since there were no effects on viability and morphology of the zebrafish, we considered petromurin C to be a safe drug to be studied since it also complied with Lipinski's rules of five.
A previous study showed that petromurin C reduced the number of viable cells of various cancer cell lines including liver, lung, breast, and colorectal adenocarcinoma. Among these cancer cell lines, petromurin C was most effective in the colorectal adenocarcinoma cell line HT-29 [6] . Accordingly, fluorescent microscopy showed that petromurin C induced nuclear shrinkage and fragmentation, which are characteristics of the apoptotic cell death in AML cell lines. zVAD-FMK was able to prevent apoptotic cell death in both MV4-11 and U937 cell lines up to 24 h, hinting at caspase-dependent apoptotic cell death. However, in both cell lines, z-VAD-FMK did not prevent cell death at 48 and 72 h, which indicated caspase-independent cell death. There was also a finding that U937 cells treated with RS-F3, which was isolated from the marine sponge Suberea clavate, in the presence of the caspase inhibitor showed a shift to caspase-independent apoptotic-like cell death [5] .
Further molecular mechanisms of petromurin C were studied by assessing levels of apoptotic and anti-apoptotic proteins. We showed that petromurin C reduced Mcl-1 levels. Other marine natural compounds such as marinopyrrole A [22] and RS-F3 [5] have been shown to reduce Mcl-1 levels as well. Furthermore, our study showed that petromurin C triggered a dose-dependent activation of caspase 9, which is followed by a cleavage of pro-caspases 3 and 7 in the MV4-11 cell line at 24 h. The involvement of activation of caspase 9 is known to catalyze the cleavage of pro-caspases 3 and 7 into their active forms, which have a role in cell demise during the intrinsic cell death pathway [8] . Our results are similar to those of the dihydroxyanthraquinone physcion, which is a secondary metabolite of the marine-derived fungus Microsporum sp. This induced apoptosis by downregulating anti-apoptotic proteins and activation of caspases 3 and 9 [23] . In addition to activation of caspase 9, mitochondrial outer membrane permeabilization (MOMP) is also responsible for cell death via intrinsic apoptosis [8] .
Since members of the Bcl-2 family are known to antagonize MOMP, decreased protein levels of Mcl-1 in petromurin C-treated MV4-11 cells suggested a possibility of mitochondrial dysfunction. MOMP leads to dispersion of the mitochondrial transmembrane potential by the cytosolic release of apoptogenic factors including cytochrome c, which allows electron transport between complexes III and IV in the mitochondrial respiratory chain. Consequently, loss of mitochondrial transmembrane potential and cytochrome c release lead to respiratory impairment and decreased ATP production [8] . We observed increased mitochondrial membrane potential loss and decreased oxygen consumption rate after petromurin C treatment. Our results validated that petromurin C triggered cell death in MV4-11 cells via mitochondrial dysfunction and the intrinsic cell death pathway.
Autophagy is a process that is induced by cellular stress. Autophagy secretes cytoplasmic constituents and shows modulative activity in cancer [24] . Macroautophagy, which is the most studied type of autophagy, involves the activation of an autophagy receptor, LC3, required for the degradation of cellular contents. Crucial steps such as phagophore formation, elongation, and fusion with a lysosome lead to the formation of auto-phagolysosomes [25] . An increase of vacuoles in the cytoplasm was observed by Diff-Quik staining and TEM images after petromurin C treatment. TEM image analysis proved that the cytoplasmic vacuoles are auto-phagolysosomes, which are the fusion of LC3-decorated phagosomes with lysosomes [26] . We observed that pretreatment with an auto-phagosomal degradation inhibitor, Baf-A1, inhibited a formation of cytoplasmic vacuoles and increased conversion of LC3-I to LC3-II in MV4-11 cells after petromurin C treatment. Autophagy has a dual function. It can be an adaptive response in favor of cell survival against environmental stress whereas excessive autophagy induction can mediate cell death [7] . Hoechst/PI staining results of petromurin C-treated MV4-11 cells after Baf-A1 pretreatment supported the idea that autophagy plays a protective role in our case. Wan and colleagues also showed that coibamide A and apratoxin A, two cyclodepsipeptides isolated from cyanobacteria Leptolyngbya sp. and Lyngbya sp., respectively, induced caspase-dependent apoptosis preceded by autophagy [27] . Our study is consistent with their study since petromurin C-treated MV4-11 cells showed induction of autophagy at early time points followed by caspase-dependent and independent cell death at later times.
A previous study showed that petromurin C alone did not trigger antibacterial effects, while a synergistic effect was observed after combination with oxacillin against methicillin-resistant Staphylococcus aureus (MRSA) S. aureus 66/1, by using the disk diffusion method [6] . We then attempted a combination treatment of petromurin C. with gilteritinib, which is a specific FLT3 inhibitor that was clinically approved in November 2018 by FDA. Our results showed a synergistic effect of the combination of petromurin C and gilteritinib after quantification of nuclear condensation and cellular shrinkage. MV4-11 cells treated with the combination are more vulnerable to cell demise and show a decreased number and size of autophagolysosomes.
A combination treatment of petromurin C with gilteritinib revealed differential results in the 2D and 3D culture environment. 3D cell culture methods can create a more complex environment than 2D cell culture, mimicking an in vivo environment [28] . Tumor cells are known to be more resistant to drugs in 3D than in 2D cultures due to reduced access to compounds and pathophysiological differences such as hypoxia, which leads to activation of cell survival genes [29] . However, some studies showed that cells can also be more sensitive in 3D cultures compared to 2D cultures [30, 31] . Melissaridou et al. showed head and neck squamous cell carcinoma cell line LK0902 was more sensitive to cetuximab, which is an epidermal growth factor receptor (EGFR) inhibitor in 3D conditions compared to 2D [30] . Adcock et al. also showed that the oral cancer cell line CAL27 was more sensitive to treatments by another EGFR inhibitor, erlotinib, under 3D conditions. Similarly, the semi-synthetic taxane docetaxel and the glycopeptide antibiotic bleomycin were more cytotoxic in 3D spheroids than in 2D cultures. The authors suggested that the increased sensitivity is associated with the relatively increased proliferation rate in 3D and increased levels of the expression of EGFR, which is the drug target, in 3D culture [31] .
In 3D colony formation assays, lower concentrations of gilteritinib were required to achieve a synergistic effect with petromurin C when compared to a 2D culture. A potential explanation for this effect was recently shown by Adcock et al. since the differential proliferation rate of prostate cancer cell lines between 2D and 3D cultures was a dominant factor in determining the effect of selected anticancer drugs [31] . While we did not observe a specific growth advantage of MV4-11 when grown in 3D culture, we consider that the 3D environment favors cell growth in an autocrine way. Zheng et al. showed that the exogeneous FLT3 ligand triggered a four-fold increase of FLT3 autophosphorylation [32] . We suspect that gilteritinib most efficiently inhibits growth or reduces viability of MV4-11 cells growing under such conditions.
In addition, reduced levels of Mcl-1, loss of MMP, and mitochondrial dysfunction caused by petromurin C might contribute to the synergistic combination effect. Combination of gilteritinib and cytarabine (AraC), daunorubicin (DNR), idarubicin (IDR), or azacytidine (Aza) triggered inhibition of tumor growth and increased sensitivity to antitumor activity [11] . A combination treatment of gilteritinib with chemotherapy showed more efficacy compared to chemotherapy or gilteritinib alone in FLT3-ITD-mutated cell lines [11] . These results indicate that this combination treatment can be beneficial to patients who are not responding to gilteritinib when used alone.
Materials and Methods
Compound Isolation
Sponge Collection and Compound Isolation
Petromurin C (compound 2b) was provided from Interdisciplinary Centre of Marine and Environmental Research (CIIMAR), Terminal de Cruzeiros do Porto de Lexões, Av. General Norton de Matos s/n.
Biological Assays
Chemicals
Etoposide (VP-16-213, E1383), midostaurin (M1213), bafilomycin (Baf-A1, #B1793) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Caspase inhibitor 1 (zVAD-FMK, 627610) was purchased from Calbiochem (San Diego, CA, USA). Gilteritinib (ASP2215, S7754) was purchased from Selleckchem (Houston, TX, USA). All drugs were dissolved in DMSO.
Cell Proliferation and Viability Assays
Acute Myeloid Leukemia cell lines U937 and MV4-11 were purchased from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ, Braunschweig, Germany). U937 cells were cultured in RPMI 1640 medium (Lonza, Walkersville, MD, USA) supplemented with 10% (v/v) fetal bovine serum (FBS), Biowest, Riverside, MO, USA) and 1% antibiotic-antimycotic (Lonza, Walkersville, MD, USA). MV4-11 cells were cultures in RPMI 1640 medium (Lonza, Walkersville, MD, USA) supplemented with 10% (v/v) FBS (Opti-Gold, GenDEPOT, Katy, Texas, TX, USA) and 1% antibiotic-antimycotic (Lonza, Basel, Belgium) at 37 • C in a humid atmosphere and 5% CO 2 .
The cell number and viability were measured by using the Trypan Blue exclusion assay (Lonza, Walkersville, MD, USA). The number of cells was counted in a Malassez cell counting chamber (Marienfeld, Lauda-Königshofen, Germany).
Colony Formation Assay
A total of 1 × 10 3 cells/mL were grown in semi-solid methylcellulose medium (StemCell Technologies Inc., Vancouver, Canada) supplemented with 10% FBS and indicated drug concentrations. After 10 days of culturing, 1 mg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) reagent (Sigma-Aldrich, St. Louis, MO, USA) was added to colonies. The colonies were detected by ImageQuant LAS 4000 mini system (GE Healthcare Life Science, Chicago, IL, USA) and quantified by ImageJ 1.52a software (U.S. National Institute of Health, Bethesda, MD, USA). a protective mode after the drug treatment. Lastly, we suggested potential synergistic effects with the FLT3 inhibitor, gilteritinib, in eradication of an FLT3-ITD-mutated cell.
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The following are available online at http://www.mdpi.com/1660-3397/18/1/57/s1. Figure S1 : Box and whisker plots of areas of auto-phagolysosomes in 30 µM of petromurin C treated-MV4-11 cells after 4, 8, and 24 h. Figure S2 : Induction of an active autophagic flux by petromurin C with or without Baf-A1 pretreatments. Figure S3 : Nuclear morphology of caspase-dependent apoptosis induced by a single treatment of gilteritinib in MV4-11 cells. Figure S4 : Effect of combination treatments of petromurin C and gilteritinib in the MV4-11 cell line. 
